The tumor suppressor p53 regulates the transcription of many genes, including several key genes involved in apoptosis and cell cycle arrest (1) . The p53 protein activates transcription, in part, through the recruitment of chromatin modifying factors, including the histone acetyltransferase paralogues CREB-binding protein (CBP) 1 and p300. It has been shown that p53-dependent recruitment of CBP/p300 to promoters facilitated local chromatin unwinding through histone modification (2, 3) . Furthermore, upon DNA damage, p53 may be acetylated by CBP or p300 on six C-terminal lysine residues (4, 5) .
CBP and p300 share a common domain structure. Near the N terminus is located the first of two transcriptional adaptor zinc-binding (Taz) domains, termed Taz1 or CH1 (6) . The Taz1 domain has been shown to interact with a number of proteins, including HIF-1R and CITED2. Following the Taz1 domain is the KIX domain, first identified as the site of CREB interaction (7) . In the central regions of CBP and p300 are the bromo-and acetyltransferase domains, both important for the enzymatic activity of the protein. The C-terminal regions contain the second Taz domain, Taz2, and the interferon binding domain (IBiD). Taz2 is a site of CBP/p300 interaction with E1A, GATA-1, and E2F, among others (8) . The IBiD domain interacts with interferon regulatory factor 3, as well as Ets-2, E1A, and TIF-2 (9) . An IBiD homology domain (IHD) has recently been described in p300 between the Taz1 and KIX domains (10) .
Interaction of p53 with CBP/p300 has been shown to occur through several domains of CBP/p300: CH1/Taz1, IHD, KIX, CH3/Taz2, and IBiD (10) (11) (12) (13) (14) (15) (16) . All of these domains interact with the N-terminal acidic transactivation domain (TAD) of p53. This domain of p53 can be further divided into two subdomains, TAD1 (residues 1-40) and TAD2 (residues 41-61) (17, 18) . Both domains can function independently to activate transcription (17) . Furthermore, distinct protein-protein interactions have been shown to occur for the two domains. For example, interactions between p53 and its negative regulators MDM2 and MDM4 occur primarily through TAD1 (19) (20) (21) , while interactions with RPAandthep62subunitofTFIIHoccurthroughTAD2 (22) (23) (24) (25) .
Following DNA damage-induced stress, both TAD subdomains of p53 become extensively phosphorylated (26) , activating p53 and increasing its stability by disrupting the binding of MDM2, thereby preventing p53 ubiquitylation and degradation (19, 27) . Phosphorylation has also been shown to affect the interaction of p53 with other proteins. For example, phosphorylation of p53 at Thr 18 weakens binding of MDM2 (19, 27) , while phosphorylation of p53 at Ser 46 and Thr 55 increases its affinity for the p62 subunit of TFIIH (23) . Furthermore, phosphorylation of p53 at Ser 15 was shown in Vitro to increase binding of CBP/p300 (28, 29) . Thus, posttranslational modification of p53 modulates its protein-protein interactions and, thereby, regulates its activity and stability.
Recent studies have systematically examined the binding of the p53 TAD to several domains of CBP/p300. Teufel et al. examined the binding of the p53 TAD to the Taz1, KIX, Taz2, and IBiD domains of p300, finding that p53 binds to each of the four domains with moderate to high affinity (30) . Polley et al. examined the effect of phosphorylation on the binding of p53 to the IBiD, IHD, and Taz1 domains of p300 (31) . They showed that p53 phosphorylation was required for interaction with the IHD domain and strengthened interactions with the IBiD and CH1/Taz1 domains. Interestingly, diphosphorylation of p53 at Ser 15 and Ser 20 reduced binding to the IHD and CH1/Taz1 domains compared with the monophosphorylated forms but moderately increased the affinity for the IBiD domain (31) .
To further understand the role of phosphorylation in the regulation of p53 interactions, we investigated the affinity of phosphorylated forms of the p53 TAD for the Taz2 domain of p300. Using fluorescence anisotropy, we have determined the effect of various mono-, di-, and triphosphorylations on binding of p53 to Taz2, some of which significantly increased binding. Furthermore, we observed that Taz2 bound to p53 TAD2 with an affinity comparable to that of the TAD1 site, but the affinity was not affected by phosphorylation. Isothermal titration calorimetry (ITC) experiments were used to compare the thermodynamics of Taz2 binding to TAD1 and TAD2 to better understand the differences in binding by the two sites. We can thus describe two binding sites on p53 for Taz2 and provide further evidence for the importance of p53 posttranslational modifications in the regulation of its protein-protein interactions.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification. Two versions of the human p300 Taz2 domain, A 1723 -Q 1843 and A 1723 -K 1812 , were amplified from full-length cDNA (obtained from P. Johnson, NCI) using polymerase chain reaction (PCR) with the following oligonucleotide primers: 5′-GAG AAC CTG  TAC TTC CAG GCT ACC CAG AGC CCA GGC GAT  TC-3′ (forward primer) and 5′-GGG GAC CAC TTT GTA  CAA GAA AGC TGG GTT ATT ACT GCC CAA CCA  CAC CAG TCC GCT G-3′ (reverse primer 1) for  A 1723 -Q 1843 , and forward primer and 5′-GGG GAC CAC   TTT GTA CAA GAA AGC TGG GTT ATT ACT TCT  GCT TGA TGT TTA GGC AGA AC-3′ (reverse primer 2) for A 1723 -K 1812 . The PCR amplicons were subsequently used as templates for a second round of PCR with the following primers: 5′-GGG GAC AAG TTT GTA CAA AAA AGC AGG CTC GGA GAA CCT GTA CTT CCA G-3′ and reverse primer 1 or 2 for A 1723 -Q 1843 or A 1723 -K 1812 , respectively. The amplicons from the second PCR were inserted by recombinational cloning into the vector pDONR201 (Invitrogen, Carlsbad, CA), and the nucleotide sequences of the entry clones were confirmed by DNA sequencing. Four cysteine-to-alanine mutations, at positions 1738, 1746, 1789, and 1790, were introduced into the entry clone containing the Taz2 domain for A 1723 -K 1812 using the QuikChange mutagenesis kit (Stratagene, La Jolla, CA). The open reading frame encoding either of the Taz2 domains of p300, combined with a recognition site for tobacco etch virus (TEV) protease on the N terminus (ENLYFQ/A), was moved by recombinational cloning into the destination vector pKM596 to produce pJT16 or pJT57. pJT16 and pJT57 direct the expression of the wt Taz2 (A 1723 -Q 1843 ) and 4CA-Taz2 (A 1723 -K 1812 /C1738A, C1746A, C1789A, C1790A), respectively, as a fusion protein with Escherichia coli maltose binding protein (MBP) with an intervening TEV protease recognition site. The fusion proteins were expressed in the E. coli strain BL21-CodonPlus (DE3)-RIL (Stratagene, La Jolla, CA). Cells were grown to midlog phase (OD 600 ∼ 0.5) at 37°C in Luria broth containing 100 µg/mL ampicillin, 35 µg/mL chloramphenicol, 100 µM ZnCl 2 , and 0.2% glucose. Overproduction of fusion protein was induced with isopropyl -D-thiogalactopyranoside (IPTG) at a final concentration of 1 mM for 4 h at 30°C. The cells were pelleted by centrifugation and stored at -80°C.
Cell paste was suspended in ice-cold 50 mM Tris · HCl (pH 7.5) and 500 mM NaCl (buffer A) containing 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM 1,4-dithio-DL-threitol (DTT), and Complete protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany). Cells were disrupted with an APV-1000 homogenizer (Invensys, Roholmsvej, Denmark) at 10000 psi, and centrifuged at 30000g for 30 min. The supernatant was filtered through a 0.45 µm cellulose acetate membrane and applied to an amylose column (New England Biolabs, Beverly, MA) equilibrated in buffer A. The column was washed and eluted with 30 mM maltose in buffer A. Fractions containing recombinant fusion protein were digested with MBP-TEV protease overnight at 4°C. The digest was applied to a Zn 2+ -agarose column equilibrated in buffer A, washed, and eluted with 500 mM imidazole in buffer A. Fractions containing the Taz2 domain were pooled and incubated overnight at 4°C in the presence of 10 mM DTT and 10 mM ZnCl 2 . The pool was concentrated using a YM3 membrane (Millipore Corp., Bedford, MA) and applied to a HiLoad 26/60 Superdex 75 prep grade column equilibrated in 20 mM Tris · HCl (pH 7.5) and 500 mM NaCl. Fractions containing the recombinant Taz2 domain were pooled and concentrated as above. The final products were judged to be >95% pure on the basis of silver staining after sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. Protein concentrations were estimated spectrophotometrically using a molar extinction coefficient of 1490 M -1 cm -1 (280 nm) for both Taz2 domains. The molecular weights of the recombinant proteins were confirmed using electrospray ionization mass spectrometry.
The coding sequence for human MDM2(17-125) was PCR amplified from a plasmid containing MDM2 (1-125)  with the following oligonucleotide primers: 5′-AAA GGA  TCC CAG ATT CCA GCT TCG GAA CAA-3′ and 5′-CCC  GAA TTC CTA GTT CTC ACT CAC AGA TGT-3′ (32) . The amplified coding sequence was subcloned into pGEX4T-1 (GE Healthcare, Piscataway, NJ) using the BamHI and EcoRI restriction sites and expressed in E. coli BL21(DE3) as a glutathione S-transferase (GST) fusion protein. Protein expression was induced with 1 mM IPTG at 30°C for 4 h. The cells were resuspended in 50 mM Tris · HCl (pH 8), 120 mM NaCl, 0.5% NP-40, and 2 mM DTT (EBC buffer) and protease inhibitors (Roche Applied Science, Indianapolis, IN), lysed by French press, and centrifuged at 13000g for 1 h. The supernatant was incubated for 1 h at 4°C with glutathione-Sepharose (GE Healthcare, Piscataway, NJ) equilibrated with EBC buffer. The bound fusion protein was then equilibrated in phosphate-buffered saline (PBS) and digested with 100 units of thrombin (EMD Biosciences, Gibbstown, NJ) for 4 h at 25°C to remove the MDM2(17-125) from the GST. The cleaved MDM2(17-125) was found to be >90% pure by SDS gel electrophoresis.
Peptide Synthesis and Purification. Peptides were synthesized by the solid-phase method with 9-fluorenylmethoxycarbonyl (Fmoc) chemistry. Phosphoamino acids were coupled as Fmoc-Thr[PO(OBzl)OH]-OH and Fmoc-Ser-[PO(OBzl)OH]-OH (Novabiochem, San Diego, CA). Fluorescence labeling of the peptide was achieved with 3 equiv of 5(6)-carboxyfluorescein succiniimidyl ester (Molecular Probes, Eugene, OR) in dimethyl sulfoxide stirred overnight at 25°C in the dark. The peptides were cleaved with a solution of 82.5% trifluoroacetic acid (TFA), 5% phenol, 5% thioanisole, 5% water, and 2.5% ethanedithiol and then purified by reversed-phase high-performance liquid chromatography (RP-HPLC) on a C-4 column with 0.05% TFA/ water/acetonitrile. The purity of the peptides was determined to be >95% by analytical RP-HPLC. The mass of peptides was confirmed by matrix-assisted laser desorption ionization time-of-flight mass spectrometry (Micromass, Beverly, MA). The extinction coefficients for p53(1-39) and p53 were calculated from the amino acid composition (33) . The extinction coefficient for p53(1-57) was determined by quantitative amino acid composition analysis of the purified peptide. Based upon the concentrations of five amino acids (Phe, Thr, Val, Lys, Ala) for which the measured concentration fell between the 62 and 125 pmol standards, the extinction coefficient was calculated to be 6900 ( 200 M 
A obs , A f , and A b indicate the observed, free, and bound anisotropies and L ST and R T are the total concentrations of the labeled peptide and protein, respectively. Nonlinear curve fitting was done using Origin software (MicroCal, Northhampton, MA). Equilibrium association constants for the binding of nonlabeled p53 peptides to p300 Taz2 domains were determined by a fluorescence anisotropy competition assay. Samples of p53 peptides (0.001-300 µM), 1.0 µM wt Taz2 or 4CA-Taz2, and 10 nM fluorescein-labeled p53 (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) peptide were incubated overnight at 4°C in 10 mM acetate buffer (pH 6.0), 200 mM NaCl, 5% glycerol, 6 µM ZnCl 2 , and 0.1 mg/mL BSA. Fluorescence anisotropies were measured at 25°C. The equilibrium association constants, K a , were estimated by nonlinear curve fitting of the observed anisotropies to the solution of the cubic competitive binding equation (34):
L T denotes the total concentration of the nonlabeled peptide. Circular Dichroism (CD) Measurement. Either wt Taz2 or 4CA-Taz2 (15 µM) was dissolved in 10 mM Tris · HCl (pH 8.0) with or without 250 µM EDTA and 300 µM DTT. Far-UV CD spectra were measured from 190 to 260 nm on a JASCO J-715 spectropolarimeter (Jasco, Inc., Easton, MD) using a quartz cuvette with a path length of 1 mm at 25°C. The spectra shown are plots of mean residue ellipticity averaged over eight scans and were corrected for background interference from the buffer.
Fluorescence Resonance Energy Transfer (FRET) Assay. 4CA-Taz2 and MDM2(17-125) were dialyzed into PBS before being labeled with DyLight 488 NHS ester (4CA-Taz2) or DyLight 549 NHS ester (MDM2(17-125) and 4CA-Taz2) (Pierce, Rockford, IL). Labeling was performed according to manufacturer's specifications at pH 7.2 to promote reaction specifically at the N terminus of the proteins. The labeled proteins were separated from the unincorporated dye using Bio-Gel P6 chromatography columns (Bio-Rad, Hercules, CA) according to manufacturer's instructions. Incorporation of the fluorescent labels was found to be 0.4 mol of DyLight 488/mol of 4CA-Taz2, 0.4 mol of DyLight 549/mol of MDM2(17-125), and 1.0 mol of DyLight 549/mol of 4CA-Taz2. FRET measurements were performed using a SpectraMAX Gemini (Molecular Devices, Sunnyvale, CA) at 37°C with excitation at 490 nm and emission detected at 580 nm. Competition assays were performed by incubating 0.75 µM 549-labeled 4CA-Taz2 with equimolar fluorescein-labeled p53(1-39) peptides with and without 0.75 µM MDM2(17-125) in 20 mM Tris · HCl (pH 7.4) and 100 mM NaCl for 1 h at 25°C prior to reading. Assays to detect ternary complexes were performed by incubating 0.75 µM 488-labeled 4CA-Taz2 with either 0.75 µM 549-labeled MDM2(17-125) or 4CA-Taz2 in the presence of equimolar p53(1-57) in 20 mM Tris · HCl (pH 7.4) and 100 mM NaCl for 1 h at 25°C prior to reading. Each of these experiments was performed at least twice.
Isothermal Titration Calorimetry (ITC). ITC measurements were performed using a VP-ITC calorimeter (MicroCal, Northhampton, MA). Titrations were performed in 20 mM Tris · HCl (pH 7.5), 100 mM NaCl, and 2 mM -mercaptoethanol at 15, 25, or 35°C as specified in the figure legends. Some experiments were performed in ITC buffer with 200 mM NaCl rather than 100 mM NaCl as specified. The concentrations of the injected peptides and proteins were determined from the absorbance at 280 nm. The protein and peptide solutions were degassed before each experiment. Heats of dilution were subtracted from the raw data. ITC experiments with p53(1-39) or p53(35-59) binding to 4CA-Taz2 were fit with a 1:1 binding model using ORIGIN software with the ITC package (Microcal, Northhampton, MA). All experiments were performed at least two times. ITC experiments with p53(1-57) binding to 4CA-Taz2 were fit to a model in which two Taz2 molecules bind to two nonidentical sites in p53(1-57). Binding of a single ligand (Taz2) to the first or second site on p53(1-57) is characterized by the association constant K 1 or K 2 , respectively, and formation of the ternary complex is characterized by K 3 ) RK 1 K 2 . Negative cooperativity in the binding of two Taz2 molecules is indicated when R < 1. The concentrations of the three distinct p53-Taz2 complexes may be calculated from the total concentrations of p53(1-57) (M T ) and Taz2 (X T ) and expressions for the equilibrium constants and conservation of mass following the solution of a cubic equation in the free ligand concentration, X f :
where
The heat content of the solution at any point in the titration is given by
where f 1 and f 2 are the fractions of p53(1-57) with Taz2 bound to the first site or second site, respectively, ∆H 1 and ∆H 2 are the corresponding enthalpies of complex formation, and V 0 is the volume of the cell. The fraction of p53(1-57) with two Taz2 molecules bound is given by f 3 , and the corresponding enthalpy of complex formation is ∆H 3 ) ∆H 1 + ∆H 2 + ∆H R , where ∆H R is the enthalpy of cooperativity. Displaced volume-corrected heats of injection were calculated according to standard ITC equations (Microcal, Northhampton, MA). This model was used to fit data from four ITC experiments, two with p53(1-57) in the syringe and two with p53(1-57) in the cell.
RESULTS

Characterization of Two Recombinant Human p300 Taz2 Domain Proteins.
In the present work, we investigated the binding of p53 peptides to two versions of the human p300 Taz2 domain. The longer protein consists of the wild-type p300 sequence corresponding to residues 1723-1843 and will be referred to as wt Taz2. Based upon the alignment of the p300 and CBP Taz2 sequences, 9 of the 13 cysteines, along with 3 histidines, form 3 zinc-coordinating domains (35) . In the shorter Taz2 protein, which corresponds to p300(1723-1812), the remaining four cysteine residues, Cys 1738 , Cys 1746 , Cys 1789 , and Cys 1790 , were mutated to alanine to yield a more stable protein; this protein will be referred to as 4CA-Taz2. In an earlier report on the structure of the highly similar Taz2 domain of CBP, the analogous mutant, in which the 4 non-zinc coordinating cysteines had been mutated to alanine, behaved like wild-type Taz2 in the presence of Zn 2+ (35) . As expected, we found that, in the presence of Zn 2+ , the CD spectrum of 4CA-Taz2 was nearly identical to that of wt Taz2 and indicated the formation of R-helical structures in both preparations (Figure 1) . Further, these CD spectra are similar to those previously reported for the Taz2 domain of CBP (35) .
The Region of p53 That Interacts with the p300 Taz2 Domain Is More ExtensiVe Than the Region That Interacts with MDM2. We first measured the binding to wt Taz2 of p53 (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) , the minimum domain for binding to MDM2- ). We next synthesized a series of p53 peptides of varying lengths and determined the strength of their binding to Taz2 by competition ( Figure 2C ). p53(1-39) had the highest affinity for either wt Taz2 or 4CA-Taz2 ( Figure 2C ). Removal of the Nterminal 4 or 8 amino acids resulted in a 2-5-fold lower affinity. Likewise, removal of 10 residues from the C terminus resulted in 10-fold lower affinity ( Figure 2C ). Finally, no binding was observed between wt Taz2 and a p53(1-39) mutant in which Leu 22 and Trp 23 were mutated to alanine (data not shown), consistent with previous studies showing that these residues are required for the interaction of p53 with p300 (18, 36) . Thus, the region of p53 that binds to Taz2 is more extensive but includes the region required for MDM2 binding.
Specific Phosphorylations of p53(1-39) Enhance Its
Interaction with Taz2. We next examined the effect of specific phosphorylations within p53(1-39) on the binding to Taz2. p53(1-39) peptides were synthesized with mono-, di-, or triphosphorylations corresponding to known sites of modification. We determined the binding of these modified peptides to wt Taz2 or 4CA-Taz2 by the competition fluorescence anisotropy assay ( Figure 3A) . Phosphorylation of Ser 9 or Ser 20 resulted in a small increase in the affinity of p53(1-39) for both wt Taz2 and 4CA Taz2. Phosphorylation of Ser 15 or Thr 18 produced the greatest effect on binding, increasing the binding affinity by 4-fold and 5-fold, respectively, corresponding to stabilization of complex formation by approximately 0.9 kcal/mol at 25°C. Phosphorylation of either Ser 33 or Ser 37 slightly increased the binding to wt Taz2 but did not affect the affinity for 4CA-Taz2. Thus, phosphorylation of specific amino acids within p53 increased its binding to Taz2, with modification at Ser 15 or Thr 18 having the greatest effect.
The binding affinities of p53(1-39) doubly phosphorylated at Ser 15 and Ser 20 for wt Taz2 and 4CA-Taz2 were similar to those of p53(1-39)15pS ( Figure 3A) . However, the Figure 3A) . Similarly, p53(1-39) doubly phosphorylated at Ser 15 and Ser 37 bound both wt Taz2 or 4CA-Taz2 with higher affinities than either of the monophosphorylated forms ( Figure 3A) . A fourth diphosphorylated peptide, modified at Ser 15 and Thr 18 , was also tested; however, the binding curve for this peptide indicated the presence of an artifactual interaction such that it was not possible to determine the affinity of this peptide for either wt Taz2 or 4CA-Taz2 (data not shown). Triphosphorylation of p53(1-39) at Ser 15 , Thr 18 , and Ser 20 resulted in binding to both wt Taz2 and 4CA-Taz2 with a similar affinity as the diphosphopeptides ( Figure 3A) . Thus, selected di-or triphosphorylations increased the affinity of p53(1-39) for Taz2 over the monophosphorylated forms. Diphosphorylation of Ser 15 and Ser 37 or Thr 18 and Ser 20 resulted in the largest increases in binding affinity.
Although both MDM2 and Taz2 bind the TAD1 of p53, the interactions differ in the strength of the binding, the effects of phosphorylations, and the extent of p53 TAD1 involved in binding (see above and ref 37). In particular, phosphorylation of Thr 18 has been shown to dramatically decrease the binding of p53 to MDM2 (19, 27, 37) . Thus we expect TAD1 phosphorylations to affect the ability of Figure 3B ). This result suggests that 4CA-Taz2 bound to p53 18pT cannot be displaced by MDM2 , consistent with the increased affinity of Taz2 for p53 18pT and the reduced affinity of MDM2 for this peptide (27, 37) . Thus, MDM2 is able to compete with Taz2 for binding to p53 , but the competition is affected by the phosphorylation state of p53.
Characterization of the Binding of p53(1-57) to Taz2. While the experiments described above were being performed, a report was published describing the binding of the N terminus of p53 to several domains of p300 and reporting that p53(1-57) showed significantly tighter binding to Taz2 than did p53(1-29) (30) . To compare the binding of p53 to that of p53(1-39), we used competition fluorescence anisotropy experiments to measure the binding of 4CA-Taz2 to p53(1-57) and selected phosphorylated derivatives ( Table 1 ). The K a of p53(1-57) for 4CA-Taz2 was 2 × 10 6 M -1 (Table 1) , approximately 8-fold higher than that of p53 . This increased binding affinity of p53 shows that there are residues between 40-57 that increase the binding between p53 and Taz2. p53(1-57)15pS binds 4CA-Taz2 with an affinity 2-fold higher than that of the nonphosphorylated form (Table 1) ; similarly, increased binding also was observed for p53(1-57)15pS,20pS and p53(1-57)15pS,18pT,20pS. The increased affinity that results from phosphorylation of Ser 15 in p53(1-57) corresponds to stabilization of the complex by about 0.4 kcal/ mol, considerably less than the stabilization resulting from phosphorylation of Ser 15 in p53(1-39).
We next used ITC to gain further insight into the binding of p53(1-57) to Taz2. Initially, experiments were performed in which p53(1-57) was titrated into 4CA-Taz2 at 25°C. Interestingly, the observed envelope of injection heats differs from the monotonic return to baseline that results from the formation of a 1:1 complex ( Figure 4A) . Specifically, the integrated injection heats increased up to a molar ratio of approximately 1:1 and then decreased at higher molar ratios, returning to the baseline by a molar ratio of about three p53 peptides per Taz2 protein. Furthermore, in ITC experiments, the presence of two or more binding sites on the macromolecule in the cell does not produce a biphasic envelope of injection heats. Rather, this shape indicates the presence of multiple binding sites on the titrated molecule, p53(1-57), for the molecule in the cell, 4CA-Taz2. To test whether the second binding site may reflect nonspecific electrostatic interactions between the acidic p53(1-57) and the basic Taz2, we repeated the titration with a higher concentration of salt in the buffer. Although the magnitude of the enthalpy change was greatly reduced in the higher salt buffer, the curve shape remained the same (data not shown). Thus, the observed two-site binding was not a nonspecific effect but instead suggested the presence of two Taz2 binding sites in p53(1-57). To provide further evidence for the presence of two binding sites for Taz2 on p53(1-57), we performed ITC titrations in which Taz2 was titrated into p53(1-57) at 25°C
. This reverse titration produced a qualitatively different envelope of injection heats ( Figure 4B ). Titrations in both formats were fit by a model, described further below, in which Taz2 binds anticooperatively to two sites on p53(1-57). The transactivation domain of p53 can be divided into two subdomains, the first from residues 1-40 and the second from residues 41-61 (17, 18) . ITC experiments indicated the presence of two binding sites for Taz2 within p53(1-57), suggesting that Taz2 interacts with both TAD1 and TAD2. We measured the binding of p53(25-65), representing TAD2, to 4CA-Taz2 by competition fluorescence anisotropy and observed that p53(25-65) bound 4CA-Taz2 with a K a of 3.81 × 10 5 M -1 (Table 2) , very similar to that for p53 . The observed binding is specific to this site, as a mutant in which Trp 53 and Phe 54 were both mutated to alanine showed no observable binding to 4CA- Taz2 (Table  2 ). This reduction in the interaction is consistent with previous reports that these residues are required for p53 transactivation activity in TAD2 (17) . Thus, both TAD1 and TAD2 bind to Taz2 with similar affinities.
Taz2 Binds to p53(25-65) with a Similar Affinity as to p53(1-39), but Binding Is Not Affected by Phosphorylation.
There are two known sites of posttranslational modification within p53 : phosphorylation at Ser 46 and at Thr 55 . To determine if either modification has an effect on Taz2 binding, the modified peptides were assayed for binding by competition fluorescence anisotropy. p53(25-65)46pS and p53(25-65)55pT were found to have similar affinity for 4CA-Taz2 as p53(25-65) ( Table 2) , which is similar to that measured by fluorescence anisotropy at 25°C. Similarly, p53(35-59) was titrated into 4CA-Taz2 at 35°C. These titrations were also fit by a onesite binding model ( Figure 5B ). The binding of p53 to 4CA-Taz2 is exothermic, with ∆H ) -3.7 ( 0.4 kcal/ mol, which is very similar to the enthalpy for 4CA-Taz2 binding to p53 . The association constant for the binding of 4CA-Taz2 to p53 
, is approximately three times larger than that for the binding to p53 .
To develop a more complete understanding of the differences in the binding of 4CA-Taz2 to the two subdomains, titrations were performed at 15, 25, and 35°C. Each of the two p53 peptides was titrated into 4CA-Taz2, and the resulting normalized, integrated heats of injection were fit to a 1:1 binding model. The changes in enthalpy, entropy, and free energy for the two complexes are shown in Figure  6 . The binding of p53(1-39) to 4CA-Taz2 is endothermic at 15°C and exothermic at 35°C. The binding of p53 to 4CA-Taz2 is exothermic at both 25 and 35°C, but the <0.05 a Equilibrium association constants were determined at 25°C by a fluorescence anisotropy competition assay using fluorescein-labeled p53 (14-28). magnitude is larger at 35°C. The change upon complex formation in the heat capacity at constant pressure, ∆C p , can be calculated from the temperature dependence of ∆H. For the interaction between 4CA-Taz2 and p53(1-39), ∆C p ) -330 cal/(mol · K), whereas for the interaction of 4CA-Taz2 and p53 , ∆C p ) -234 cal/(mol · K). A negative ∆C p suggests that the binding is dominated by hydrophobic interactions (38, 39) . This conclusion is supported by the loss of binding of p53 to Taz2 when Leu 22 and Trp 23 were mutated to alanines and, similarly, the loss of binding of p53 when Trp 53 and Phe 54 were mutated to alanines. The magnitude of ∆C p , however, is smaller for 4CA-Taz2 binding to p53(35-59) than to p53(1-39), suggesting differences in the proportion of hydrophobic and electrostatic interactions contributing to the binding at each site (39, 40) . Due to fundamental thermodynamic linkages, the changes in entropy upon complex formation are also temperature dependent, with the entropic contribution to the free energy of complex formation decreasing with increasing temperature. The large, positive enthalpy of complex formation observed for 4CA-Taz2 binding to p53(1-57) at 25°C (Figure 4 ) differed significantly from the enthalpies for 4CA-Taz2 binding to p53 and to p53 . At 25°C, the enthalpy for 4CA-Taz2 binding to the isolated TAD1 or TAD2 peptides was near zero or small and negative, respectively. Attempts to fit the ITC titrations of 4CA-Taz2 and p53(1-57) with a model in which the two sites were independent were not successful. However, we were able to fit the calorimetric titrations, both when p53 was titrated into 4CA-Taz2 and when 4CA-Taz2 was titrated into p53(1-57), with a model in which binding to the two sites was anticooperative. The parameters that resulted in the best fit of the data are given in Table 3 . The association constant for binding to the stronger site, K 1 ) 3.5 × 10 6 M -1 , is similar to that observed by the competitive fluorescence anisotropy assay. Binding to the second site is approximately 6 times weaker. The parameter R ) 0.43 indicates that the p53(1-39) ) or ∆C p ) -234 cal/(mol · K) (dotted curves, p53(35-59)). 1 and K 2 are the association constants for binding of 4CA-Taz2 to the first and second sites of p53(1-57), respectively; R is the cooperativity of the interaction between the two sites; ∆H 1 and ∆H 2 are the changes in enthalpy for complex formation at the first and second sites, respectively; ∆H R is the enthalpy of cooperativity.
binding of two 4CA-Taz2 molecules to the same p53(1-57) molecule is anticooperative. Possible mechanisms leading to this anticooperativity include repulsion between the bound Taz2 molecules and competition between bound Taz2 molecules for the linker between the two binding sites.
Taz2 and MDM2(17-125) Can Form a Ternary Complex on p53(1-57) That Is Affected by p53
Phosphorylation. To provide additional, qualitative evidence for the binding of two Taz2 molecules to p53(1-57), FRET assays were performed using unlabeled p53(1-57) and two preparations of 4CA-Taz2 that had been separately labeled with fluorescent donor or acceptor moieties. In the absence of p53(1-57), incubation of donor-and acceptor-labeled 4CA-Taz2 produced a low level of fluorescence ( Figure 7A ). Addition of p53(1-57) increased the fluorescence intensity, suggesting the formation of a ternary complex of two molecules of 4CA-Taz2 bound to p53(1-57). Addition of p53(1-57)15pS or p53(1-57)15pS,18pT,20pS to donor-and acceptor-labeled 4CA-Taz2 increased the fluorescence intensity to a similar degree ( Figure 7A) . Thus, the FRET assay demonstrates the simultaneous binding of two molecules of Taz2 on p53(1-57), consistent with the ITC experiments.
As Taz2 can bind to both TAD1 and TAD2, we next used the FRET assay to determine qualitatively if Taz2 and MDM2 could simultaneously bind to p53(1-57). In the absence of p53(1-57), incubation of DyLight 488-labeled 4CA-Taz2 with DyLight 549-labeled MDM2(17-125) produced a low level of fluorescence ( Figure 7B ). Addition of p53(1-57) increased the fluorescence intensity, suggesting the formation of a ternary complex involving p53(1-57), 4CA-Taz2, and MDM2 . A similar level of fluorescence was observed upon addition of p53(1-57)15pS, while fluorescence was reduced to background levels upon addition of p53 (1-57)15pS,18pT,20pS . The loss of FRET in the presence of p53(1-57)15pS,18pT,20pS is consistent with the greatly reduced binding of MDM2(17-125) to p53 phosphorylatedatthoseresidues (27, 37) .Thus,MDM2(17-125) is able to form a ternary complex with Taz2 and p53(1-57) that is modulated by p53 phosphorylation.
DISCUSSION
The role of posttranslational modifications in the interactions of p53 with its cofactors is critically important. Here, we have examined the binding of p53 to the Taz2 domain of p300, an acetyltransferase that is known to be a cofactor of several transcription factors. We identified two sites within the first 60 amino acids of p53 that interact with Taz2. The first, p53 , is located in the N-terminal transactivation domain, TAD1. We found that binding of Taz2 in this site is modulated by phosphorylation, with single modifications at Ser 15 and Thr 18 increasing binding to Taz2 4-5-fold (Figure 3) . Furthermore, diphosphorylation at Ser 15 and Ser 37 or Thr 18 and Ser 20 increased binding over the respective singly modified forms. However, the triphosphorylated peptide, p53(1-39)15pS,18pT,20pS did not exhibit any further increase in affinity for Taz2 compared with the diphosphorylated form. Thus, phosphorylation within TAD1 modulates the affinity of p53 for one of its coactivators. The second Taz2 binding site, located within residues 35-59 of TAD2, binds with a similar affinity as the first. We found that phosphorylation of either Ser 46 or Thr 55 did not affect binding to Taz2.
The N-terminal binding site on p53 has previously been shown to also interact with other proteins, including MDM2. The minimal MDM2 binding domain is defined as p53(14-28), a fragment smaller than is required for binding to Taz2. MDM2 binds p53 tightly, K d ) 0.6 µM, to target it for degradation; p53 phosphorylation at Thr 18 abrogates MDM2 binding (19, 27) . By comparison, Taz2 binding to unmodified p53 is weaker, but phosphorylation of p53 at Ser 15 and Thr 18 increases the affinity of Taz2 for p53 to a level similar to that of MDM2. Thus, phosphorylations in TAD1 have opposite effects on the Taz2 and MDM2 binding: increasing binding for the former and decreasing binding for the latter. Indeed, we found that MDM2(17-125) displaced Taz2 in binding to unphosphorylated p53. Phosphorylation at Ser 15 moderately reduced the ability of MDM2(17-125) to compete, whereas phosphorylation at Thr 18 severely reduced the competition for p53 by MDM2(17-125) ( Figure 3B ). These results are consistent with an earlier report that MDM2 inhibited CBP-mediated p53 transactivation in a model system (16) and a recent study showing that inhibition of the MDM2-p53 interaction with the MDM2 inhibitor nutlin-3a increased p53 acetylation and expression of p53 target genes (41) . Our studies, therefore, provide another example of the importance of p53 posttranslational modifications in the regulation of p53 and its protein-protein interactions. In this case, phosphorylations of p53 in TAD1 shift the equilibrium away from MDM2 binding, with the consequential degradation of p53, and toward Taz2 binding, resulting in target gene transactivation.
Our investigation into the binding of p53 with Taz2 revealed the presence of two binding sites within the N terminus of p53. The possible existence of a second hydrophobic binding site within the first 60 amino acids of p53 has been suggested previously based on the transient formation of amphipathic -turns involving residues 40-44 and 48-53 (42, 43) . MDM2 has also been suggested to be able to bind p53 in both TAD1 and TAD2, although binding to the second domain was estimated to be 20 times weaker than binding to the first (44) . Ile 50 , Trp 53 , and Phe 54 formed important hydrophobic interactions in binding to MDM2, and it is possible that they do the same for binding to Taz2. Indeed, we found that mutation of Trp 53 and Phe 54 to alanine made an interaction between p53(25-65) and Taz2 undetectable.
We further observed that MDM2 and Taz2 can simultaneously bind to p53(1-57), forming a ternary complex of the three domains ( Figure 7B ). Previous studies have provided conflicting evidence on the formation of a ternary complex among MDM2, p53, and CBP/p300. Grossman et al. found that a central domain of MDM2 is able to bind CBP through the N-terminal Taz1 domain using residues distinct from those involved in p53 binding and proposed that a ternary complex may be formed in which the N terminus of MDM2 binds to p53 TAD1 while the central portion of MDM2 binds to the Taz1 domain of CBP/p300, which is also bound to the p53 DNA binding domain (12) . However, a later study suggested that this reported complex may be an experimental artifact (45) . More recently, the association of p53 and MDM2 in chromatin was found to correlate with repression of transcription, whereas the absence of association of p53 and MDM2 in chromatin correlated with activation of transcription (46) , suggesting that functional associations of MDM2 and p300 with p53 are mutually exclusive. Our results demonstrate the formation of a ternary complex among the isolated domains in Vitro but do not address the behavior of the intact proteins in a physiological setting.
The presence of the second binding site explains the observed increase in binding of p53 to Taz2 compared with p53 (1-39) ; the former fragment contains both Taz2 binding sites, leading to increased overall binding as observed by competition fluorescence anisotropy. A recent study of p300-p53 binding reported a significantly tighter interaction between p53(1-57) and Taz2 than we observed (30) . The difference in binding constants likely results from technical differences in the binding assays. Using NMR titration experiments, the authors further determined that p53 interacts with Taz2 through an extended interface, as amide resonances were found to disappear for most p53 residues from 10-56 upon binding to Taz2 (30) . These NMR results are also consistent with the presence of two Taz2 binding sites on p53, as directly shown by the experiments presented here. Though the binding of Taz2 to the two sites in p53(1-57) is anticooperative, both affinities are indicative of relatively tight binding (Table 3) . At the high sample concentrations used in NMR spectroscopy, p53 molecules with one Taz2 bound to TAD1, with one Taz2 bound to TAD2, and with two Taz2 molecules bound would exist in equilibrium, suggesting an explanation for the large number of p53 amide resonances that disappeared in the NMR spectra.
Alignment of the residues of p53(1-39) and p53(40-64) highlights the sequence similarity in the two binding sites (Figure 8 ). Both domains contain a Φ-X-X-Φ-Φ motif (where Φ is a hydrophobic amino acid) that has been shown to be important for many protein-protein interactions. When the final two hydrophobic residues in either binding site, Leu 22 and Trp 23 in TAD1 or Trp 53 and Phe 54 in TAD2, were mutated to alanine, we were unable to observe binding between p53 and Taz2. In TAD2, the first hydrophobic residue in the motif, Ile 50 , is surrounded by acidic residues; a similar charge state is obtained in TAD1 upon phosphorylation of Thr 18 and Ser 20 , two modifications that increase the affinity of p53 (1-39) for Taz2 ( Figure 3A) . It is possible that the difference in ∆C p for the binding of 4CA-Taz2 to p53(1-39) and p53 reflects this difference in the number and location of acidic residues in the nonphosphorylated forms. Since electrostatic and hydrophobic interactions are thought to contribute with opposite signs to the value of ∆C p (40), the less negative value of ∆C p for p53(35-59) may be due to the greater number of acidic residues in TAD2 that interact electrostatically with the basic Taz2. The alignment of the two binding sites also suggests an explanation for the lack of effect of Thr 55 phosphorylation on the binding of p53(25-65) to TAZ2. In TAD1, the corresponding residue is Lys 24 , indicating that a charge at this site is not important for binding to Taz2. However, it is interesting to note that although Ser 46 aligns with Ser 15 , phosphorylation of Ser 46 does not affect binding whereas modification of Ser 15 increases binding. A possible explanation for this discrepancy is that the linear alignment shown in Figure 8 incompletely represents the structural features of the two domains. The different values of ∆C p characterizing the binding of the TAD1 and TAD2 peptides to 4CA-Taz2 suggest differences in the binding of the two domains to Taz2, and thus structural differences between the two complexes may account for the observed differences in the effects of phosphorylation. Furthermore, the phosphorylations of Ser 15 and Ser 46 are effected by different kinases (26) , suggesting that the two sites are both distinctly regulated and have distinct roles in the response to stress. For example, UV damage has been found to induce phosphorylation of Ser 46 but not Ser 15 (47) . Also, as TAD2 has been shown to be important in recruiting the STAGA transcriptional coactivator complex (48) , phosphorylation of Ser 46 may play a distinct role from phosphorylation of Ser 15 in coactivator recruitment following stress. We are currently pursuing structural studies of the complex of Taz2 and p53 that may provide additional details concerning which residues are important for binding.
In our in Vitro binding assays, the modeling of the ITC data suggested anticooperativity in the binding of two Taz2 molecules to p53(1-57) ( Table 3 ). It is possible that this observed anticooperativity is due to steric hindrance in binding two Taz2 molecules. Alternatively, the linker region between the two TADs could play a role in binding, and FIGURE 8: Alignment of the TAD1 and TAD2 primary sequences. Amino acids are colored according to their side chains, with hydrophobic residues shown in purple text, polar uncharged residues in green text, acidic residues in red text, and basic residues in blue text. Those amino acids that make up the Φ-X-X-Φ-Φ motif are highlighted in purple, and the residues that align best between the two domains are highlighted in tan. The hydrophobic residues that are known to be required for binding and p53 transactivation, Leu 22 / Trp 23 and Trp 53 /Phe 54 , are boxed.
thus, binding of the second molecule of Taz2 is weaker because the linker is already bound. It seems unlikely, however, that two p300 molecules would simultaneously bind a single p53 N terminus in the cell due to the limiting amounts of p300 and its many interactors.
The identification of a second Taz2 binding region within a short distance of the first raises the question of why there are multiple binding sites for a single domain of a protein. Furthermore, the N terminus of p53 has been shown to interact with five different domains of p300, including Taz2, most of which show some increased affinity upon p53 modification (10, 30, 31, 49) . It is possible, then, that p53 acts as a many-to-one logical control element. Within these two transactivation domains are phosphorylation sites for many different kinases involved in various signaling pathways (26) . Thus, modifications on p53 that modulate its protein-protein interactions may act to integrate these disparate signaling pathways into a single response. Genotoxic stresses that activate these signaling cascades require quick cellular responses, including cell cycle arrest or apoptosis (50) .
It is also possible that the high local concentration of binding sites increases the net association of p300 and p53. As a transcriptional coactivator, p300 interacts with a number of other proteins and is part of the transcription machinery. Likewise, the N terminus of p53 is known to bind many proteins, indicating a competition for binding to the specific partner for the required response. Having multiple binding sites increases the chances of binding; furthermore, the combination of several lower affinity binding sites results in one high-affinity interaction. One study found the affinity of the N terminus of p53 for the full p300 protein to be 10-100-fold tighter than the affinity for some of its domains, and phosphorylation of this domain of p53 increases that affinity 4-10-fold (31) . Therefore, combining multiple binding sites for the same protein may allow the p53-p300 complex to form in the presence of many other potential binding partners, with the affinities of these multiple interactions modulated by p53 phosphorylation. In a model cellular system designed to study chromatin structure, Carpenter et al. found that the number of acidic activation motifs correlated with increased extent of chromatin unwinding (51) . The observed chromatin unwinding was a common property of acidic activation domains, including the TAD of p53.
In the present study, we have investigated the effect of p53 phosphorylation on its interaction with Taz2. We found that phosphorylation can increase the binding of p53 to Taz2, with phsophorylation at Ser 15 and Thr 18 having the greatest effect on binding. We further defined a second Taz2 binding site of comparable affinity within TAD2; phosphorylation of p53 within this second site did not affect binding. Thus, we have demonstrated that p53 interacts with Taz2 through two sites. Furthermore, we have provided another example of the importance of p53 posttranslational modification in the regulation of its activity, specifically by increasing its binding to a crucial transcriptional coactivator.
